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ABSTRACT 



Objectives: This review article discusses the host response in apical periodontitis with the main focus on cytokines, produced 
under this pathological condition and contributing to the degradation of periradicular tissues. The pace of research in this field 
has greatly accelerated in the last decade. Here we provide an analysis of studies published in this area during this period. 
Material and Methods: Literature was selected through a search of PubMed electronic database. The keywords used for 
search were pathogenesis of apical periodontitis cytokines, periapical granuloma cytokines, inflammatory infiltrate apical 
periodontitis. The search was restricted to English language articles, published from 1999 to December 2010. Additionally, a 
manual search in the cytokine production, cytokine functions and periapical tissue destruction in the journals and books was 
performed. 

Results: In total, 97 literature sources were obtained and reviewed. The topics covered in this article include cellular 
composition of an inflammatory infiltrate in the periapical lesions, mechanisms of the formation of the innate and specific 
immune response. Studies which investigated cytokine secretion and functions were identified and cellular and molecular 
interactions in the course of apical periodontitis described. 

Conclusions: The abundance and interactions of various inflammatory and anti-inflammatory molecules can influence and 
alter the state and progression of the disease. Therefore, periapical inflammatory response offers a model, suited for the 
study of many facets of pathogenesis, biocompatibility of different materials to periapical tissues and development of novel 
treatment methods, based on the regulation of cytokines expression. 
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INTRODUCTION 

Apical periodontitis (AP) is an inflammation and 
destruction of periradicular tissues. It occurs as a 
sequence of various insults to the dental pulp, including 
infection, physical and iatrogenic trauma, following 
endodontic treatment, the damaging effects of root 
canal filling materials. 

In response, the host mounts an array of defenses, 
consisting of several classes of cells, intercellular 
messengers, antibodies and effector molecules. The 
microbial factors and host defense forces encounter, 
clash with, and destroy much of the periapical tissue, 
resulting in a formation of various kinds of AP lesions, 
which most commonly take the form of reactive 
granulomas and cysts, with the concomitant resorption 
of bone surrounding the roots of affected teeth. 
The pathogenesis of AP has been well reviewed [1,2]. 
However, the introduction of immunohistological 
methods, intensive use of monoclonal antibodies 
against subsets of T lymphocytes, B lymphocytes, 
macrophages, dendritic cells, plasma cells and 
polymorphonuclear leukocytes (PMNs) resulted in a 
major breakthrough in the understanding of periapical 
host response. 

The purpose of the present review is to overlook the 
factors, which interfere with the pathogenesis of AP and 
subsequent bone loss, evaluating findings, published in 
the vast literature on this subject. 

MATERIAL AND METHODS 

Literature was selected through a search of PubMed 
electronic database. The keywords used for search 
were pathogenesis of apical periodontitis cytokines, 
periapical granuloma cytokines, inflammatory infiltrate 
apical periodontitis. The search was restricted to 
English language articles, published from 1999 to 
December 2010. Additionally, a manual search in the 
cytokine production, cytokine functions and bone 
resorption in the journals and books was performed. 
The included publications covered cellular composition, 
immunoregulatory mechanisms, the role of cytokines in 
human radicular cysts and periapical granulomas, as 
well as subsequent bone destruction and extracellular 
matrix degradation. 

Cellular composition of inflammatory infiltrates in 
periapical lesions 

Histologically, a dense infiltration of immunocompetent 
cells is seen in periradicular lesions. The analysis of 
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these cells showed considerable heterogeneity in 
their number, morphology and phenotypic properties. 
Therefore, various attempts have been made to obtain 
evidence by means of immunofluoresence [3], or 
immunocytochemistry [4,5] techniques. 
These numbers vary according to the authors, methods 
used and stage of AP. However, T lymphocytes, B 
lymphocytes and macrophages are found to comprise 
the majority of the inflammatory infiltrate. 

Innate immunity 

Microorganisms from the infected root canals, 
predominantly gramnegative anaerobs, produce 
sufficient amount of lipopolysaccharide (LPS), 
also known as endotoxin, which egress in high 
concentrations into the periapical area. LPS activates the 
complement system via the alternate pathway leading 
to the generation of chemotactic peptides [6]. Once the 
pathogenic factor invades the periapical area, two lines 
of phagocytic cell defense are formed: an inner area, 
closer to the apex, in which PMNs predominate; and 
around it the area in which phagocytic macrophages are 
seen [7]. 

The tissue response is generally limited to the apical 
periodontal ligament and the neighboring spongiosa. 
It is initiated by the typical neurovascular response 
of inflammation, resulting in hyperemia, vascular 
congestion, and edema of the periodontal ligament and 
extravasation of neutrophils [2]. 

The PMN approach to the site of infection because of 
the chemotaxis, induced initially by the tissue injury, 
LPS, complement factor C5a [2]. Neutrophils were 
long thought to express only CXCR1 and CXCR2 
chemokine receptors, which bind interleukin-8 
(IL-8)/CXCL8 and granulocyte chemotactic protein-2 
(GCP-2)/CXCL6 [8], but it was demonstrated by 
Menzies-Gow et al. [9] that this type of cells also 
exhibit CC receptors. Chemokines, known to cause 
neutrophil chemotaxis, contribute to PMN migration 
and functionally activate neutrophil leukocytes, are: 
IL-8/CXCL8, interleukin-1 (IL-1) [7], GCP-2 [10], 
interleukin-6 (IL-6) [11], interleukin-1 7 (IL-1 7) [12], 
granulocyte colony stimulating factor (G-CSF) and 
granulocyte-macrophage colony stimulating factor 
(GM-CSF) [11]. Specific dentin proteins are capable of 
stimulating neutrophil migration via the induction of 
keratinocyte-derived chemokine (KC)/CXCL1 and 
macrophage inflammatory protein-2 (MIP-2)/CXCL2 
release [13]. Strong chemotactic agents for neutrophils 
are neuropeptides calcitonin gene-related peptide 
(CGRP), substance P (SP) [1] and leukotrien LTB4 [14]. 
Detectable levels of IL-8/CXCL8 were found in 
approximately 95% of periapical exudates collected 
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from root canals during routine endodontic treatment of 
human periapical lesions, suggesting a pivotal role for 
IL-8 in neutrophil migration in acute phases of apical 
disease [15]. Positive imunohistochemical staining for 
IL-8 in the progeny of the epithelial rests of Malassez 
was demonstrated and it exhibited a characteristic 
binding pattern to the extracellular matrix of the lesion 
[16]. Significant source of IL-8 is periapical lesion 
mononuclear cells that are CD4 + (Thl) and CDllc+ 
(monocyte-like cells, macrophages, dendritic cells) [17]. 
Endodontic pathogenic microorganisms Porphyromonas 
endodontalis, Porphyromonas gingivalis and Prevotella 
intermedia are able to induce the production of IL-8 by 
pulp fibroblasts and osteoblasts [18], This production 
by pulp cells is modulated by neuropeptides, such as SP 
and CGRP [19,20]. 

IL-8 chemotactically attracts and activates PMNs, 
making them more available and more competent to 
engage and kill the bacteria [7], stimulates osteoclast 
recruitment and activity [21]. Besides, positive 
correlation between the levels of IL-8 and pain 
symptoms was found in periodontal lesions [22]. 
The GCP-2 (CXCL6) is a CXC chemokine. Similar to 
IL-8, it possesses potent chemotactic and proangiogenic 
properties [23]. Kebschull et al. [ 10 ] suggested that 
GCP-2 expression originates from the microvascular 
endothelium of inflamed gingival tissue in periodontal 
diseases. 

IL-1 production locally elevates cellular adhesion 
molecule (CAM-1) expression by endothelial cells in 
the capillaries, thus enhancing the local attachment of 
PMNs and monocytes and enhancing their migration 
into the area [7]. IL-1 has been identified as a central 
mediator of periapical and pulpal inflammation [1]. It is 
produced by macrophages [7], PMNs [24], osteoclasts 
[25], cyst epithelial cells [26] and the production 
and action is regulated by many other cytokines: 
interleukin-12 (IL-12), interferon gamma (IFNy), tumor 
necrosis factor alpha (TNFa) and IL-1 itself as inducers; 
interleukin-4 (IL-4), IL-6, interleukin-10 (IL-10) and 
interleukin-13 (IL-13) as suppressors [1]. 
There are two distinct isoforms of IL- 1 : interleukin- 1 
alpha (IL-1 a) and interleukin- 1 beta (IL-1 (3). IL-1 (3 is 
a predominant form found in human periapical lesions 
[24]. 

IL- 1 together with IL-6 and TNF have been shown to 
induce an acute-phase response- fever, an elevation 
in the erythrocyte sedimentation rate and major 
shifts in the types of serum proteins synthesized 
by hepatocytes [11]. Local effects of IL-1 are 
enhancement of leukocyte adhesion to endothelial walls, 
stimulation of lymphocytes, potentiation of neutrophils, 
activation of the production of prostaglandins and 
proteolytic enzymes, enhancement of bone resorption, 
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inhibition of bone formation [2]. The IL-1 together 
with TNFa are also known to induce the production of 
downstream mediators such as IL-6 and IL-8 [1]. 
The IL-6 is an integral mediator of the acute phase 
response to injury and infection. The major sources of 
IL-6 production are monocytes and macrophages, 
type 2 helper T lymphocytes (Th2), activated B cells 
and PMN cells. Epithelial cells, vascular endothelial 
cells and fibroblasts have also been shown to release 
IL-6 [6,11,27]. Local effects of IL-6 are: stimulates 
the differentiation of mature B lymphocytes into 
antibody producing plasma cells, activates T cells, 
augments neutrophil cytotoxic activity, induces bone 
resorption both alone and in concert with IL-1 and 
lipopolysacharide, down-regulates the production and 
counters some of the effects of IL-1 [11]. Experiments 
on IL-6 deficient mice revealed the fact that IL-6 
possesses both proinflammatory and anti-inflammatory 
properties and its final effect depends on the target cells 
and interplay with other cytokines [5,28]. 
The IL-1 7 is secreted by type 17 helper T lymphocytes 
(Thl 7). It is able to reactivate the inflammatory process 
including the induction of inflammation characterized 
by the presence of neutrophils. There is also strong 
evidence that IL-1 7 might induce the production of 
receptor activator for nuclear factor kappa B ligand 
(RANKL), activating osteoclasts, with consequent bone 
resorption [12]. 

Colony stimulating factors (CSF) are a group of 
cytokines that regulate the proliferation and 
differentiation of hematopoietic cells. They functionally 
activate neutrophil leukocytes. GM-CSF is secreted by 
a large variety of cells, the possible principle sources 
being macrophages, endothelial cells, activated T cells 
and PMN [11]. 

Specific dentin proteins are capable of stimulating 
neutrophil migration via the induction of KC/CXCL1 
and MIP-2/CXCL2 release [13]. There is a data, 
confirming that KC/CXCL1 and MIP-2/CXCL2 
together with IL-8/CXCL8 are the most critical CXC 
chemokines for neutrophil recruitment [29]. 
The CGRP is a 37-amino-acid peptide which is widely 
distributed throughout the central and peripheral 
nervous systems and is found in particularly high levels 
in sensory nerves. CGRP has potent vasodilator activity 
and is frequently co-localized with SP [30]. Kabashima 
et al. [3J_] investigated periapical granulomas by the 
means of immunohistochemical methods and found 
that CGRP- and SP-immunoreactive nerve fibers are 
localized in the vicinity of blood vessels. 
The SP stimulates the release of histamine from 
the mast cells, which in turn results in increased 
bradykinin production, while bradykinin, histamine and 
prostaglandin E2 (PGE2) all stimulate increase in pulpal 
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vascular permeability. SP also increases phagocytosis 
and oxidative metabolism [JJ. 

The LTB4 is formed when arachidonic acid is oxidized 
via the lipoxygenase pathway It causes PMNs adhesion 
to the endothelial walls and attracts macrophages into 
the area. Besides PMNs are not only attracted by LTB4, 
but also release them and prostaglandins. So though 
neutrophil leukocytes are essentially protective cells, 
they also cause severe damage to the host tissues [2]. 
The PMNs produce a wide range of cytokines: IL-1, 
TNF-a, IL-6, IL-8, macrophage inflammatory proteins 
MlP-la and MIP-ip [6,11,24,32,33], which act as the 
chemoattractants for other inflammatory cells or PMNs 
themselves and contribute to the bone resorption. These 
cells are also considered to be the source of SP [34]. 
The PMNs are the short lived cells. Their massive death 
is a major cause for tissue breakdown in acute phases of 
apical periodontitis [2] and so the space for other cell 
infiltration to the periodontal area is provided. Another 
type of cells, which enter the site of inflammation is 
macrophages. 

Frequency of macrophages within the inflammatory 
cellular infiltrate has been reported to scatter between 
wide ranges of 4% to over 50%. This difference 
considered to be an outcome of using the different 
methodology. Introduction of the immunohistological 
methods is considered to be the breakthrough in 
identifying macrophages and their subsets [6]. 
Infiltration of macrophages into sites of inflammation is 
relatively slow compared to that of neutrophils, but they 
are capable to engulf almost any foreign agent and their 
infiltration lasts for a longer time. They were shown to 
express CC chemokine receptors: CCR1, CCR2 and 
CCR5 [35]. Potential chemoattractants and activators for 
macrophages are: monocyte chemoattractant protein-3 
(MCP-3) [6,36], GM-CSF [U], MIP-la/CCL3, 
MIP-ip/CCL4 [33], transforming growth factors 
type p (TGF-p), CGRP, SP [1], LTB4 [2], LPS [6,2], 
IFN-y [7] and TNFa [1]. 

The MCP-3/CCL7 is one of the most pluripotent 
chemokines, but it acts predominantly on monocyte- 
macrophage lineage [37]. MCP-3 is expressed by 
endothelial cells, plasma cells, lymphocytes and 
fibroblasts induced by IL-lp, TNF-a, IFN-y and LPS 
[36,3_8]. 

The MIP- 1 a/CCL3 and MIP- 1 p/CCL4 belong to the CC 
chemokine family. Type 1 helper T lymphocytes (Thl) 
can attract and activate macrophages by producing 
cytokines MIP- la and MIP-ip [39]. 
The TGF-P family members are critical regulators of 
cell growth, differentiation, repair and inflammation. 
TGF-P is one of the cytokines involved in the repair 
process in periradicular lesions and belongs to the group 
of anti-inflammatory cytokines [40]. Production of 
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the isoform TGF-P 1 can be stimulated by microbial 
products, the host response to antigens and tissue 
injury itself [1]. Although the main source is activated 
macrophages and eosinophils, lymphocytes, fibroblasts, 
osteoblasts and osteoclasts are also capable of TGF-P 
formation [40]. In early phases of the inflammatory 
response TGF-pi is a chemoattractant for monocytes 
and lymphocytes, recruiting them to the site of injury. 
However, subsequently it exerts potent suppressive 
effects on the proliferation and differentiation of both 
T and B lymphocytes, inhibits the production of IL-1, 
IL-2, IL-6, TNFa and IFNy, antibody secretion, blocks 
nitric oxide (NO) production by macrophages [1], 
accelerates healing by stimulating the repair of soft 
and hard tissues and also inhibits osteoclast formation 
[40]. Teixeira et al. [ 41 ] reported that levels of TGF-P 
were significantly higher on granulomas compared to 
radicular cysts, suggesting that periapical granulomas 
display a regulatory pattern with high levels of TGF-P 
and low levels of proinflammatory cytokines. 
The IFN-y is a cytokine, produced by Thl cells. The 
secretion of IFN-y is primarily triggered by IL-1 2 
and down-regulated by IL-10. Both IL-1 2 and 
IL-10 are produced by dendritic cells and activated 
macrophages [42]. IFN-y activates macrophages, 
reduces macrophage-suppressive activity, and induces 
IL-1, NO synthesis and 02- production [43]. Teixeira- 
Salum et al. [ 41 ] reported possible IFN-y association 
with clinical symptoms. Lesions that presented 
higher levels of reactivity to IFN-y and interleukin-4 
(IL-4) were associated with percussion and palpation 
tenderness. Swelling was associated with high levels of 
IL-4, TNF-a and IFN-y. On the other hand, Ataoglu et 
al. [44] failed to show the correlation between TNF-a 
levels and clinical symptoms. 

The TNFa is produced both by macrophages and Thl 
lymphocytes [1]. LPS, released from the infected 
root canals, stimulates macrophages to secrete 
proinflammatory cytokines, such as IL-1 and TNFa 
[45]. The biological effects of TNF-a include activation 
of leukocytes such as lymphocytes (T and B cells), 
macrophages and natural killer cells; fever induction; 
acute-phase protein release; cytokine and chemokine 
gene expression and endothelial cell activation 
[24,40,46]. This cytokine is reported to stimulate bone 
resorption. However, IL-1 has been found to be 500-fold 
more potent than TNFa in mediating bone resorption 
[47]. 

When present at the site of inflammation, macrophages 
have central roles in the regulation of connective 
tissue destruction and repair; innate, nonspecific 
immunity and the onset, regulation and outcome of 
antigen-specific, acquired, immunity [7]. In response 
to bacterialencounter or activation signal of another 
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nature they produce a variety of biologically 
active molecules which are cytokines IL-1, 
TNFa [!], IL-8 [6], IL-6, GM-CSF [11], IL- 
12 [1], IL-10 [5], growth factors, IFNa, IFNp 
[2], arachidonic acid metabolites, free radicals, 
metalloproteinase enzymes [6], P-endorphin 
and Met-enk [1]. Macrophages may also 
serve as antigen-presenting cells (APCs) in 
the essential initial steps of the induction of 
acquired immunity They process the antigen 
and present it to the antigen-specific clones of T 
helper lymphocytes by a process involving the 
recognition by the lymphocytes of an MHC II 
molecule on the macrophages [7]. 
Development of an effective adaptive immune 
response relies greatly upon appropriate 
recognition of antigen by cells of the innate 
immune system and presenting it to adaptive immune 
cells. The APCs have important pathogen recognition 
skills and operate at the interface of innate and adaptive 
immunity However, even if a considerable proportion 
of macrophages in the lesion may express major 
histocompatibility complex (MHC) class II molecules, 
suggesting that they may act as APCs, recent researches 
showed that dendritic cells act as efficient APCs, 
compared to macrophages [48]. 

Dendritic cells function as sentinels of the immune 
system by trafficking from the vasculature to the 
tissues where, while immature, they capture antigens. 
The APCs possess special receptors on their surface 
that recognize specific pathogen associated molecular 
pattern (PAMP) and trigger appropriate intra-cellular 
events to continue capture of antigen and further induce 
co-stimulatory molecules for T cells. In humans, Toll- 
like receptors (TLRs) identify PAMPs and activate 
multiple steps in the inflammatory reaction. Once 
activated, TLRs up regulate the genes encoding 
inflammatory cytokines such as IL-8, TNFa, IL-6, 
IL- 1 2 and IL- 1 P in immunocompetent cells. Appropriate 
ligand recognition by TLRs stimulates intracellular 
signal transduction pathways and induction of different 
genes that function in host defense, including those 
for inflammatory cytokines, chemokines, MHC and 
co-stimulatory molecules. In addition, TLR activation 
induces multiple effector molecules, such as inducible 
nitric oxide synthase and antimicrobial peptides, which 
can destroy microbial pathogens. Then, following 
inflammatory stimuli, antigen loaded dendritic cells 
leave the tissues and move to the draining lymphoid 
organs where, converted into mature dendritic cell, they 
prime naive T cells [49]. 

The RANKL is an important regulator of the interactions 
between T cells and dendritic cells during the antigen 
presentation process. RANKL is also expressed on 
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Figure 1. Cytokines interaction in the course of apical periodontitis. 
Black arrow = stimulation; red arrow = suppresion. 



the surface of the dendritic cells and the interaction with 
its receptor can induce cluster formation and activation 
of T cells, dendritic cell survival, regulate the dendritic 
cell functions, and T cell-dendritic cell communication 
[50]. 

Adaptive immunity 

Continuous or severe infections at levels beyond the 
capacity of innate immunity are mediated by adaptive 
immunity, which is much more specific toward 
exogenous antigens. Adaptive immunity is also called 
specific immunity, and possesses the ability to memorize 
and respond more vigorously to repeated exposures to 
the same antigen. The major components of adaptive 
immunity are T and B lymphocytes [51]. 
T lymphocytes are classified into two categories 
according to their surface T cell receptors (TCRs), 
which are either the alpha- beta (aP) or gamma- delta 
(y8) type. Although the functions of TCR y5- expressing 
cells are still uncertain, they are reportedly related to 
nonspecific defense systems against exogenous stimuli 
[51]. The majority of T cells express an antigen-specific 
receptor composed of a and P chains. Cell surface 
expression of CD4 and CD8 co-receptor molecules 
divides mature aP T cells into two subsets [6]. CD4+ 
cells working with B lymphocytes have been known as 
T helper/inducer cells (Th/i). CD8+ cells have direct 
toxic and suppressive effects on other cells and have 
been named T cytotoxic/suppressive (Tc/s) [2]. The 
CD4+ cells differentiate further into two types, known 
as Thl and Th2 cells, according to the cytokines that 
these cells produce. Both types of effector responses 
are regulated by a heterogeneous family of cells, which 
is known as regulatory T (Treg) cells. They form a 
subset of 5 - 10% of CD4+ T cells [52]. Recently, a new 
subset of Th cells that predominantly produce IL-1 7 
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has been discovered and named as Thl7. 
The understanding about the role of suppressor/ 
regulatory T cells changed a few times through the time. 
Initially it was considered that these cells were CD8+ , 
later that they do not exist at all. Everything changed 
when the forkhead/winged helix transcription factor 
(Foxp3), known as a key orchestrator of inhibitory 
function, was discovered. Such T cells occur within both 
the CD4 and the CD8 T cell lineages. Their suppressive 
functions are inhibition of antigen presenting cells and 
production of inhibitory cytokines [53]. 
The CD8+ cells are also known to induce target cell death 
by means of granule- and FAS- mediated pathways and 
have cytotoxic effects when secreting several cytokines, 
such as TNFa and IFNy, in the vicinity of target cells 
[51]. Cytokines known to be involved in the recruitment 
of CD8+ cells are MlP-la, MIP-ip and IFNy induced 
protein (IP)- 10 [12]. 

IP-10/CXCL10 is expressed by various inflammatory 
cells as well as endothelial cells. It was also reported to 
attract Thl cells [54]- 

The Thl type response can be characterized by the 
production of IL-12, IFN-y [52] and TNF-a [41] . 
The IL-12 is produced by activated APC, such 
as macrophages [JJ. It is involved in Thl cells 
differentiation from the native T helper cells and 
together with IFN-y inhibits Th2 differentiation [39]. 
The IFN-y, as noted before, is produced by Thl cells. 
And it mainly serves to activate macrophages at the site 
of inflammation. 

The TNF-a is produced both by macrophages and 
Thl lymphocytes [JJ. The biological effects of TNF-a 
include activation of leukocytes such as lymphocytes (T 
and B cells), macrophages, and natural killer cells [46]. 
Differentiation of native T cells to Th2 lymphocytes is 
driven by the activation of T cells via TCR and IL-4 
receptor, which leads to phosphorylation of signal 
transducer and activator of transcription, interleukin-4 
induced (STAT6). The pSTAT6 is critical for the 
induction of the Th2 transcription factor GATA3, which 
in turn transactivates Th2 specific cytokines, such as 
IL-4 [39]. Th2 response also can be characterized by 
the production of IL-6 [52]. 

IL-4 has been found in periapical granulomas and cysts: 
Ihan Hren and Ihan [55] established that high IL-4 
production is a characteristic of established RC, while 
de Sa et al. [ 56 ] found IL-4 positive cells in periapical 
granulomas. Its anti-inflammatory effects have been 
described to be essential for the modulation of the 
periapical bone remodeling process. It seems to exert 
an inhibitory effect on bone resorption by decreasing 
osteoclastic activity [41,57]. 

Differentiation of Thl 7 lymphocytes from the native 
T cells is driven by the combination of the cytokines 
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TGF-p and IL-6. In the absence of IL-6, Thl 7 
differentiation can also be induced by TGF-P plus 
IL-21. IL-23, produced by APC, reinforces Thl 7 
differentiation programme and decreases the chance of 
dedifferentiation and plasticity in Th 1 7 cells. IL- 1 P was 
also described as critical differentiation factor for Thl 7 
cells. In addition, as Thl and Th2 subsets cross-regulate 
each other, they also appear to regulate the development 
of Thl 7 cells, because both IFN-y and IL-4 inhibit the 
formation of Thl 7 [39]. 

The Thl 7 cells produce IL-17, which is able to 
reactivate the inflammatory process, including the 
induction of inflammation characterized by the presence 
of neutrophils [12]. That is so because of the ability of 
IL-17 to induce proinflammatory cytokines like IL- 
1, IL-6 and TNF, and proinflammatory chemokines 
like CXCL1, GCP-2 and IL-8 [40,58]. Thl 7 cells also 
regulate osteoclastogenesis, possibly through IL-17 
mediated induction of RANKL on osteoclastogenesis 
supporting cells [52]. 

There is evidence that the type of the immune response 
in the periapical granuloma tissue is determined by their 
apically resident bacteria [ 55 , 59 ]. 
Minor population of CD4+ T cells, which coexpress the 
IL-2 receptor a-chain (CD25) and are crucial for the 
control of auto reactive T cells and the regulation of the 
immune response to infection, is named "T regulatory 
cells" (Treg). They were found to express the Foxp3, 
which is uniquely present in this cell type and is essential 
for Treg differentiation [60]. 

The TGF-P alone induces the Treg transcription factor 
Foxp3 and is also essential for Treg development [39]. 
Therefore a close relationship between Thl 7 vs. Treg 
immune response exists. The amount of TGF-P as well 
as the presence or absence of proinflammatory cytokines 
determines whether the immune response will be 
Thl 7 or Treg [12]. The presence of pro-inflammatory 
cytokines, like IL-6, which is induced during infection, 
inflammation or injury, inhibits the induction of 
Foxp3+ Tregs and simultaneously promotes Thl 7 cell 
differentiation [39]. 

B lymphocytes are the lymphocytes, directly responsible 
for antibody production. On receiving signals from 
antigens and the Th2 cells, some of the B cells transform 
into large plasma cells [51], B lymphocytes and their 
progeny, plasma cells producing IgG, IgA and IgM, 
were repeatedly shown in the periradicular granulation 
tissue [3,4,61]. 

Destruction of the periapical bone 

The integrity of bone tissues depends on the maintenance 
of a delicate equilibrium between bone resorption 
by osteoclasts and bone deposition by osteoblasts. 
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Table 1. Cytokines, involved in immune response formation in apical periodontitis [1,2,6,7, 10-12 , 17 , 22-27 , 36-43 , 45 , 52 ,571 



Cytokines 


Source 


Primary functions 






Chemotactically attracts and activates PMNs; 


IL-1 


M0, PMN, Oc, Epithelial cells 


Stimulates the production of prostaglandines, proteolytic enzymes and 
cytokines IL-6, IL-8; 

Stimulates bone resorption and inhibits bone formation 


IL-8 


M0, PMN, Thl 


Chemotactically attracts and activates PMNs; 
Stimulates osteoclast recruitment and activity 






Activates PMNs, T cells; 


IL-6 


M0, PMN, Th2, B lymphocytes, endothelial cells 


Stimulates the differentiation of B lymphocytes into plasma cells; 
Induces bone resorption; 
Down-regulates the production of IL-1 


TNFa 


M0, Thl, PMN 


Activates lymphocytes and M0's; 
Stimulates bone resorption 


GCP-2 


Endothelial cells 


Chemotactically attracts PMNs 


IL-1 7 


Thl7 


Activates IL-1, IL-6, TNFa, GCP-2 and IL-8 secretion; 


Stimulates bone resorption 


GM-CSF 


M0, T lymphocytes, endothelial cells, PMN 


Functionally activates M0 and PMNs 


MCP-3 


Endothelial cells, lymphocytes, fibroblasts, plasma 
cells 


Chemotactically attracts M0 


MIP-1 


Thl 


Chemotactically attracts and activates M0 and Oc 






Suppresses the proliferation and differentiation of T and B lymphocytes; 






Down regulates the production of IL-1, IL-6, TNFa and IFNy; 


TGF(3 


M0, lymphocytes, fibroblasts, Ob, Oc 


Blocks the production of nitric oxide by M0; 
Inhibits bone resorption; 

Inhibits Thl 7 formation and promotes Treg formation 


IFNy 


Thl 


Activates M0; 

Induces IL-1, NO and O, production 






Stimulates the production of IL-1 and IFNy; 


IL-1 2 


M0, dendritic cells 


Stimulates Thl differentiation; 
Suppresses Th2 differentiation 


IL-10 


M0, dendritic cells 


Suppresses the production of IL-1 and IFNy 






Inhibits bone resorption; 


IL-4 


Th2 


Inhibits Thl 7 formation, 
Suppresses the production of IL-1 



M0 = macrophages; PMN = polymorphonuclear leucocytes; Th = T helper cells; Ob = osteoblasts; Oc = osteoclasts; NO = nitric oxide. 



Osteoclasts originate from hematopoetic precursors of 
the monocyte-macrophage lineage that reside within the 
bone marrow and, guided by chemokines, emigrate from 
the peripheral circulation into bone. Chemokines, known 
to cause osteoclasts chemotaxis and differentiation, 
are: MCP-1/CCL2, SDF-la/CXCL12, MIP-la/ 
CCL3, MIP-ly/CCL9, RANTES/CCL5, IL-8/CXCL1, 
MCP-3/CCL7, CKp8/ CCL23, MIG/CXCL9 and 
IP-10/CXCL10. The activation of osteoclasts is 
achieved only with RANKL [15]. 
Marton et al. [16] reported that the recruitment into 
granuloma lesions of monocytes may be due to the 
presence of MCP-1. MCP-1/CCL2 is associated with 
osteoclast chemotaxis and differentiation, probably 
through the interaction with receptor CCR2 [15]. 
Stromal derived factor- la or CXC chemokine ligand 
12 (SDF-la/CXCL12) is selectively expressed by 
endothelial cells in certain tissues, perhaps in response 



to specific signals or tissue damage. The interaction of 
SDF- 1 with its receptor CXCR4, which is expressed in 
human osteoclast precursors, induces chemotaxis and 
differentiation into osteoclasts [62]. Human neutrophils 
have been found to respond chemotactically to SDF- 1 a 
in vitro in the periodontal disease model [63]. In addition, 
it was found to increase matrix metalloprotease (MMP)- 
9 activity in human osteoclasts, resulting in increased 
bone resorptive activity [15]. Fukada et al. [52] noted 
that expression of SDF- la was higher in cysts compared 
with granulomas. 

The MIP-1 a/CCL3 induces adhesion of osteoclasts to 
primary osteoblasts, thereby suggesting a function for 
this chemokine in regulation of the interaction between 
those two cell types. The MIP-ly/CCL9 plays an 
important role in the survival of osteoclasts, and part of 
the RANKL effect on osteoclast survival is dependent 
on its ability to induce MIP-1 y/CCL9 production [15]. 
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Regulated on activation, normal T cell expressed and 
secreted (RANTES/CCL5) is a member of the CC 
chemokine family. Yu et al. [64] found that RANTES, 
MlP-la or MCP-3 significantly and dose-dependently 
stimulated the migration of RAW or primary marrow 
cells through the porous inserts, RANTES or MCP-3 
dramatically increased M-CSF/RANKL induced 
osteoclast (OC) formation in the marrow cultures by 
enhancing the fusion of precursors to generate larger 
more multinucleated OCs. MlP-la and RANTES were 
endogenously released at varying levels in cultures of 
pre-OCs, OCs or odontoblasts (OBs) of different stages 
of differentiation. 

The P-chemokine (CK[38/CCL23) is a member of 
the CC chemokine family. Functionally, CCL23 has 
chemotactic activity for monocytes, dendritic cells, 
lymphocytes, neutrophils, osteoclast precursor cells, 
and endothelial cells [65]. 

Osteoclast precursors have also been found to express 
CXCR3, which make them responsive to the chemokine 
MIG/CXCL9 and results in their migration and the 
adhesion of osteoclast precursors [15]. 
T cells are able to regulate osteoclastogenesis by the 
RANKL and IFN-y production [66]. RANKL is one 
particular molecule found on the surface of activated T 
cells that has also been found to activate bone-resorbing 
cells [67]. Fukada et al. [52] suggested that Thl 
response could be modulating RANKL expression and 
osteoclastogenesis in human granulomas. RANKL acts 
through the binding to its receptor RANK, a cell-surface 
protein, which is present on osteoclast precursor cells 
and, when activated, promotes osteoclast maturation 
by increasing the expression of specific genes [68]. 
RANKL activates the TNF receptor associated factor 6 
(TRAF6), c-Fos and calcium signaling pathways all of 
which are indispensable for the induction and activation 
of NFATcl (nuclear factor of activated T cell cl) - the 
master transcription factor for osteoclastogenesis [66]. 
Takayanagi et al. [69] showed that NFATcl deficient 
embryonic stem cells were unable to differentiate into 
osteoclasts after RANKL stimulation. Thus NFATcl 
is viewed as a critical transcription factor that acts 
as a master switch for osteoclast differentiation and 
maturation. NFATcl role might also change to regulating 
the differentiation and function of lymphocytes during 
the later inflammation stages [66]. 
Vernal et al. [50] demonstrate a clear relation between 
high RANKL levels and monocyte activity during 
periapical bone destruction in periapical granuloma. 
Haynes et al. [70] showed that human monocytes 
express RANKL mRNA when stimulated by prosthetic 
wear debris thought to cause osteoclast formation in 
periprosthetic osteolysis in vitro. Chen et al. [71] found 
that RANKL was expressed in an osteoblastic cell line. 
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It was observed that cells expressing the macrophage 
marker CD68 also expressed RANKL. However, it is 
not possible to assure that these macrophages are indeed 
the source of this RANKL, because they may express 
RANKL on their surface bound to a RANK derived from 
another cell [68] . In agreement with that, Kawashima et al. 
[72 ] reported that RANKL+ cells were not positive for 
la antigen, indicating that activated macrophages and 
dendritic cells did not express RANKL. 
Thenatural decoy receptor for RANKL is osteoprotegerin 
(OPG), also known as osteoclastogenesis inhibitory 
factor (OICF), and osteoclast formation is regulated 
by the balance between OPG and RANKL [72]. OPG, 
a soluble TNF receptor-like molecule, produced by 
human periodontal ligament cells, gingival fibroblasts, 
and epithelial cells, binds to RANKL and prevents 
it from binding to RANK. This effectively inhibits 
RANKL mediated osteoclast maturation. The triad 
RANK/RANKL/OPG is a key regulator of bone 
remodeling, and is essential for the development and 
activation of osteoclasts [68]. 

It has become evident that osteoblasts have a global 
role in orchestrating the bone remodeling process. Their 
function is not restricted solely to bone formation, but 
it is now firmly established that they are responsible 
for initiating bone resorption. Osteoblasts provide 
the essential and sufficient stimuli that control the 
behavior of the osteoclasts, an event that occurs via 
cell-cell interaction. There are molecular determinants 
responsible for that, namely M-CSF and RANKL, the 
former secreted and the latter mainly cell-membrane 
bound. The M-CSF binds to c-Fms on the surface of 
osteoclast precursors and so enhances their proliferation 
and survival [73]. 

Enzymes involved in degradation of the extracellular 
matrix (ECM) 

The periodontal ligament is a dense connective tissue, 
localized between the cementum and alveolar bone, 
supporting the tooth. This ligament is composed 
mainly of collagen fibers and elastic system fibers. The 
destruction of the periodontal ligament is initiated by 
the degradation of ECM. Enzymes involved in ECM 
degradation comprise both matrix metalloproteinases 
(MMPs) and serine proteases (including neutrophil 
elastase and cathepsin G) [74]. 

The MMPs are a family of zinc- dependant 
endopeptidases collectively capable of degrading all 
extracellular matrix components, including collagen 
and proteoglycans. The MMPs have been suggested 
to play an important role in inflammatory conditions 
of periodontal, pulpal and periapical tissues, as well 
as dentin mineralization [75]. Tjaderhane et al. [76] 
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demonstrated that in periapical inflammation MMP 
inhibition increases the lesion growth rate, indicating 
that MMPs may have previously unknown anti-infective 
and/or anti-inflammatory properties. MMPs have been 
divided into four subfamilies: collagenases, gelatinases, 
stromelysins and membrane type MMPs, according 
to their substrates and structures, collagenases and 
gelatinases being the most widely investigated in apical 
periodontitis lesions. 

The subfamily of collagenases includes: interstitial 
collagenase (MMP-1), collagenase of neutrophils 
(MMP-8) and collagenase-3 (MMP- 13). These enzymes 
disintegrate native fibrillar interstitial collagens by 
cleaving the single peptide bond a-chains [771. 
The MMP-1 has been reported to degrade non- 
mineralized extracellular matrix and stimulate 
osteoclastogenesis through generating collagen- 
degradation fragments on bone surfaces. MMP-1 
expressing cells are considered to be macrophages 
[78,79]. Hong et al. [46] investigated the role of LPS 
on the expression of MMP-1 by macrophages in rats. 
It was suggested that LPS, released from the infected 
root canal, triggers the production of IL-la and TNF-a 
from macrophages. These pro-inflammatory cytokines 
modulate the subsequent production of MMP- 1 from 
macrophages to promote periapical bone resorption. 
The MMP-8 (collagenase-2) degrades gelatin, type I, 
II, III, V and XI collagens [74]. Wahlgren et al. [80] 
reported that PMN cells and macrophage like cells 
expressed the staining with MMP-8 specific antibody, 
the PMN cells being the predominant cell type to 
express MMP-8 in apical periodontitis. Reynaud Af 
Geijersstam et al. [81] tested the effect of Enterococcus 
faecalis (E. faecalis) strains on the production of 
MMP-8. The majority of the E. faecalis strains induced 
little or no release of this enzyme from the PMN 
cells. By this finding they partly explained the clinical 
observation that root canal infections dominated by 
E. faecalis are usually symptom free. 
The MMP- 13 has an exceptionally wide substrate 
specificity compared with other MMPs. In addition to 
fibrillar type I, II and III collagens, MMP- 13 degrades 
type IV, IX, X and XIV collagens, gelatin, tenacin-C, 
fibronectin and proteoglycan core proteins [82]. 
Studying the role of MMP- 13 in apical periodontitis, 
Leonardi et al. [77] found that MMP- 13 may provide 
the support for the conversion of a periapical granuloma 
with epithelium into a radicular cyst, due to the capability 
of the MMP to influence not only epithelial cell rest 
migration, but also the invasion of the granulomatous 
tissue. 

Type IV collagen/gelatin is the main component 
of basement membrane and the degradation of this 
structural protein as well as denatured gelatins, laminin, 
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elastin, fibronectin and basement membrane zone- 
associated collagen is favored by 2 MMPs: gelatinase A 
(MMP-2) and gelatinase B (MMP-9) [74,83,84]. 
The MMP-2 is known to degrade gelatin, fibronectin, 
elastin, laminin and collagen I, III, IV, V, VII, X, XI 
[83]- 

The MMP-9 degrades gelatin, elastin, type IV, V, VII, 
X, XI and XIV collagens. It is mainly secreted by 
neutrophils, although macrophages, T cells, mast cells 
and odontoblasts can also express this enzyme [74]. 
Several studies have shown that MMP-2 and -9 
participate in the pathogenesis of pulp and periapical 
inflammation. Shin et al. [85] detected MMP-2 in 
chronic periapical lesions by immunohistochemistry and 
Buzoglu et al. [75] used gelatin zymography detecting 
pro- and active forms of MMP-9 in all intracanal pus 
samples with apical abscess. On the other hand, MMP-2 
could not be detected in chronic apical abscess samples, 
although detected in samples of primary and secondary 
acute apical abscesses. 

Belmar et al. [86] demonstrated that MMP-9 and -2 
are highly increased in gingival crevicular fluid (GCF) 
from teeth with periapical lesions and suggested 
that these gelatinases could represent useful markers 
in monitoring chronic apical periodontitis in GCF. 
IL- 1 a, TNF-a and bacterial LPS can stimulate gelatinase 
expression in pulp fibroblasts in vitro [ 87 , 88 ]. 
Serine proteases known to degrade ECM in apical 
periodontitis are neutrophil elastase (NE) and 
cathepsin G [74]. Neutrophil elastase (NE) is one 
of the major enzymes of the azurophilic granules of 
human neutrophils, and in inflammation its release 
into periapical tissue could contribute tissue damage. 
Elastase degrades several proteins including elastin, 
collagen, fibrinogen, hemoglobin, ground- substance 
components of connective tissue and proteoglycans 
[89]. Alptekin et al. [89] demonstrated the presence of 
NE in periapical exudates of endodontically involved 
teeth and high levels were associated with presence of 
some clinical findings such as pus discharge, swelling 
and sinus tract formation. Thus, it was suggested that 
NE levels in periapical exudates may be a reliable 
marker for disease state of periapical lesions. It was also 
shown that periapical exudate NE levels were correlated 
with PGE2 levels and the canals with pus discharge 
contained higher NE and PGE2 total amounts than teeth 
without these signs [90]. 

Cathepsin G degrades type III collagen and 
proteoglycan. It is a nonspecific serine protease which 
cleaves individual amino acids from protein molecules. 
Cathepsin G is mainly stored in primary granules of 
neutrophils and is also detectable in monocytes and 
mast cells. Tsuji et al. [74] demonstrated that cathepsin 
G participated in ECM and periapical tissue degradation 
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Table 2. Enzymes involved in degradation of the extracellular matrix [ 74 , 78-83 , 89 ] 



Expressing cells 



Functions 



1 



c 

c 



Interstitial collagenase 
(MMP-1) 



Macrophages 



Degrades non-mineralized extracellular matrix 
Stimulates osteoclastogenesis 



e 

u 

g 
O 

U 



Collagenase of neutrophils 
(MMP-8) 



Polymorphonuclear leukocytes, 
macrophages 



Degrades gelatin, type I, II, III, IV and XI collagens 



Collagenase-3 (MMP-1 3) 



Fibroblasts, epithelial cells, plasma 
cells 



Degrades type I, II, HI, IV, IX, X and XIV collagens, gelatin, 
tenacin-C, fibronectin and proteoglycan core proteins 



5 8 Gelatinase A (MMP-2) Epithelial cells, fibroblasts 



Degrades gelatin, fibronectin, elastin, laminin, collagen I, III, 
IV, V, VII, X, XI 



« Gelatinase B (MMP-9) 



Polymorphonuclear leukocytes, 
macrophages, T cells, mast cells, 
odontoblasts 



Degrades gelatin, elastin, type IV, V, VII, X, XI and XI 
collagens 



<t> »> Neutrophil elastase (NE) Polymorphonuclear leukocytes 



5 53 



^ | CathepsinG 



Degrades elastin, collagen, fibrinogen, hemoglobin, 
proteoglycans 



Polymorphonuclear leukocytes, 
monocytes, mast cells 



Degrades type III collagen and proteoglycan 



and enhanced the development of periradicular lesion. 

The role of reactive oxygen species 

Reactive oxygen species (ROS) are highly reactive 
and may modify and inactivate proteins, lipids, DNA, 
and RNA and induce cellular dysfunctions. O, , H 2 0 0 
and NO (nitric oxide) play an important role in the 
host defense, as well as in inflammation-induced tissue 
lesions. 

Superoxide anion is a highly reactive oxygen radical 
involved in cell and tissue damage in a variety of 
disorders, including inflammatory diseases. While 
production of superoxide by neutrophils and other 
phagocytic cells is essential for the killing of 
microorganisms, it causes tissue damage at the site 
of inflammation. An altered balance between oxygen 
radical production by phagocytic cells in periapical 
lesions and its elimination was suggested to contribute 
to periapical damage and bone loss in chronic apical 
periodontitis. Superoxide anion has also been shown 
to be produced by osteoclasts and involved in bone 
resorption. Furthermore, superoxide anion may react 
with a precursor in plasma to generate a factor that is 
chemotactic for neutrophils. In addition to production 
by host cells, bacteria can also produce superoxide 
anion. Production of superoxide by a clinical isolate of 
a Streptococcus spp. strain was lytic for erythrocytes. 
Extracellular superoxide production has been reported 
to be a common trait in strains of E.faecalis [91] . 
Mynczykowski et al. [92] reported that the 
surgical treatment leads to a normalization 
of O, and H 2 0 2 production by circulating 
polymorphonuclear neutrophils, giving these 
results as an additional proof of recovery of normal 
neutrophil function after the elimination of local 
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inflammation by surgical treatment in patients with 
chronic periapical granuloma. 

The arrangement of one atom of nitrogen and one 
of oxygen in the molecule of nitric oxide leaves an 
unpaired electron, which makes the molecule a highly 
reactive free radical. NO is synthesized by a complex 
family of enzymes, called NO synthases (NOS). There 
are three NOS: N0S1, N0S2 and N0S3. N0S1 and 
N0S3 are constitutive, and N0S2 is an inducible, 
calcium-independent isoform, also called iNOS. 
Unlike N0S1 and N0S3, induction of N0S2 results 
in continuous production of NO [93]. The iNOS has 
been shown to produce a large amount of NO with a 
stimulation of bacterial LPS and inflammatory cytokines 
such as IFN-y, IL-1 (3 or TNFa. Endothelial cells, 
macrophages, lymphocytes and fibroblasts in periapical 
lesions demonstrated the production of iNOS with the 
association of these cytokines [ 94-96 ]. The production 
of iNOS by PMNs was also investigated, but relatively 
low reactivity was shown [94]. 

It is suggested that NO plays a pivotal role in regulating 
inflammatory reaction in apical lesions with the 
association of cytokines. However, more detailed 
mechanisms of how NO is related to periapical 
lesions are unknown. Hama et al. [96] suggested that 
vascular endothelial cadherin produced by endothelial 
cells could be regulated by iNOS producing cells in 
periapical granulomas and may play a pivotal role in 
vascular permeability. Fukada et al. [ 97 ] found that 
iNOS deficiency is associated with an imbalance in the 
bone-resorptive modulators RANK, SDF-la/CXCL12, 
and OPG. 

CONCLUSIONS 

Apical periodontitis is one of the most common 
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endodontic diseases, which endodontists and general 
practitioners face daily in their practice. It's a very 
complex pathology with the multiple factors involved. 
The abundance and interactions of various inflammatory 
and anti-inflammatory molecules can influence and 
alter the state and progression of the disease. Therefore, 
periapical inflammatory response offers a model, 
suited for the study of many facets of pathogenesis, 
biocompatibility of different materials to periapical 



tissues and development of novel treatment methods, 
based on the regulation of cytokines expression. 
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